been well-studied in vivo, infectious hematopoietic necrosis virus (IHNV; order
In these experiments fish were separated into isolated holding tanks after challenge to 148 avoid cross-infection, and infection status was determined at 3 days post-exposure. 149 The fourth experiment was a virulence assay that determined the lethal dose of each 150 strain under the same isolation conditions used in the infectious dose assays, allowing 151 direct comparison of ID 50 and LD 50 values for the two IHNV strains. Finally, as a 152 secondary goal of this study we conducted a virulence assay using standard batch 153 holding conditions, for comparison with the results of the virulence assay with fish held 154 in isolation. This provided insight into how much of the mortality observed in standard 155 batch challenge studies is due to holding conditions or secondary fish-to-fish infection. 156 The combined data provide a comparison of the relationship between infectivity and 157 lethality of two strains of a virus of differing virulence and expand upon the previous 158 work done on the ecological parameters of various genotypes in the M genogroup of 159 IHNV (Troyer et al., 2008; Wargo et al., 2010; Wargo & Kurath, 2011; Kell et al., 2013) . For this study, we used two isolates of IHNV that differ in virulence. The more 166 virulent strain is 220-90, referred to as HV for "high virulence"; the less virulent strain is 167 WRAC (alternate name, 039-82), referred to as LV for "low virulence" (Wargo et al., 168 2010). Both strains were obtained from farmed rainbow trout in Idaho and have been 169 previously characterized for virulence (LaPatra et al., 1994; Garver et al., 2006; Wargo 170 et al., 2010) . Over the glycoprotein gene of the virus there is 3.6% (58/1621 171 nucleotides) divergence between HV and LV; over the entire genome, the divergence is 172 2.8% (312/11,133 nucleotides) (Morzonov et al., 1995; Ammayappan et al., 2010) . The 173 preparation of viral stocks as well as quantification of viral titer has been previously 174 described (Fijan et al., 1983; Batts & Winton, 1989; Troyer et al., 2008) . 175 The fish were research-grade, juvenile, 1-3 g rainbow trout, provided by Dr. 176 Scott LaPatra of Clear Springs Foods, Incorporated. The experiments were performed on three different lots of fish from this source. Stock fish were maintained in flow-178 through freshwater that had been sand filtered and UV irradiated. All experiments were 179 conducted at 15 °C. All animal procedures were approved by the University of 180 Washington Institutional Animal Care and Use Committee. Three experiments to determine the infectious dose (ID) of each virus genotype 185 were performed using identical methodology, differing only in the doses of virus 186 administered and number of fish in each group, as shown in Table 1 . The fish in the 187 three ID experiment were from three different lots, with an average weight of 1.6 g, 1.1 188 g, and 1.1 g respectively. In each experiment, groups of fish were exposed to a range 189 of specific concentrations of virus, or mock exposed, by a 1 hour batch immersion in 190 static water (Garver et al., 2006) . Water flow was then turned on and the fish were 191 washed for 1 hour. After the wash, the fish were isolated into 1 liter beakers containing 192 400 ml static water, well before detectable replication or shedding of the virus occurred, 193 to avoid cross-infection, and then held in isolation at 15 °C for three days, which is 194 when the mean viral load has previously been shown to reach maximum levels (Troyer 195 et al., 2008; Peñaranda et al., 2009) . At this point each fish was euthanized, harvested 196 aseptically, and stored in an individual Whirl-pak™ at -80 °C until RNA extraction and 197 viral load quantification. Total RNA was extracted from whole fish as previously described (Wargo et al., 202 2010). Briefly, 4 ml/g fish of guanidinium thiocyanate-based denaturing solution was 203 added to each fish, and the fish was homogenized using a Seward Stomacher® 80 204 (Biomaster). RNA was extracted from 1 ml of the homogenate with phenol-chloroform, 205 precipitated, resuspended in 50 µl of water, and assessed for quality and concentration 206 by spectrophotometry. The RNA samples were then stored at -80 °C until cDNA synthesis using M-MLV reverse transcriptase with random heximer primers, as 208 previously described (Wargo et al., 2010) . A standard amount of 5 µL of RNA was used 209 in each cDNA reaction and the final 20 µl of cDNA was diluted 1:10 in 180 µl of water. Viral load of HV or LV in each fish was quantified using genotype-specific qPCR 214 assays as previously described (Wargo et al., 2010) . Briefly, 5 µl of each diluted cDNA 215 sample was combined with forward and reverse primer and Taqman probe specific for 216 either HV or LV and then amplified on a 7900HT ABI Prism machine. Since each fish 217 was exposed to only one genotype, each cDNA sample was tested only for the 218 genotype expected. Transcript RNA standards specific to each virus genotype were used 219 for determining absolute viral RNA copy number. Verification of parity between the two 220 genotype-specific assays has been reported previously (Wargo et al., 2010) . These 221 assays detect both genomic and messenger RNA (Purcell et al., 2006) , and this 222 combined quantity will be referred to as viral load per gram of host tissue. The lethal dose in isolation (LD-isolation) was determined by challenging fish in 227 batch as described above and then holding them in isolation for 30 days. These 228 experiments were performed on the same lot of fish as the third ID experiment, 229 approximately three months later. Groups of 20 fish with average weight 1.2 g were 230 challenged by batch immersion in 1 L of static water containing one of three specific 231 doses of HV or LV, as shown in Table 1 . In addition, one group of 20 control fish was 232 mock-exposed. After the 1 hour challenge, the water was turned on for a one-hour 233 rinse, and then individual fish were netted into 1.5 L tanks in a tower rack system 234 (Aquatic Habitats). These tanks provided independent flow-through water for each fish.
235
After isolation, the fish were monitored daily for a period of 30 days at 15 °C. Each 236 treatment group had a total of 20 fish, except for LV at the 10 4 plaque-forming units (PFU)/ml dose and HV at the 10 3 PFU/ml dose, which both had 19 fish. To confirm virus 238 as cause of death, plaque assays were performed on approximately 50% of the fish 239 that died during the experiment (Burke & Mulcahy, 1980; Batts & Winton, 1989) . are believed to most closely mimic natural conditions, they differ from the isolation 246 conditions used to determine infectivity, and these differences could potentially impact 247 virulence. For example, while the initial doses for batch and isolation treatments are the 248 same, over the course of the experiment the fish held in batch have the potential to 249 transmit virus to each other. As such, fish in the batch conditions may receive further 250 exposure to virus that is not possible in the isolation conditions. Batch conditions also 251 potentially have different stressors for the fish than isolation conditions. Therefore, in to the one in which they were held in isolation conditions.
257
The batch lethal dose experiment (LD-batch) was performed simultaneously with 258 the LD-isolation experiment described above. The procedure is similar to that described 259 in Wargo et al., 2010 and Breyta et al., 2014 . Triplicate groups of 20 fish were 260 challenged along with the LD-isolation fish, in addition to one group of 20 control fish 261 that were mock-exposed. After 1 hour of exposure, the water was turned on and 262 allowed to flow for the duration of the experiment. Fish were held in groups of 20 and 263 daily monitoring for mortality proceeded for 30 days at 15 °C, as in the LD-isolation 264 experiment. One of the tanks of LV at 10 4 PFU/ml had a malfunction and was lost, so 265 this treatment had duplicate tanks. Approximately 20% of the fish that died were 266 titered for virus by plaque assay as above.
Statistical analyses 269 270
The infection and mortality data were used to calculate the projected doses at 271 which fifty percent of fish were infected (ID 50 ), died in isolation (LD 50 -isolation), or died 272 in batch (LD 50 -batch). The calculations of ID 50 and LD 50 values were both done using experiments indicated that mortality did not bracket 50% in all cases, leading to 281 uncertainty in the calculated LD 50 value. Therefore, using the same methods, we 282 calculated the doses at which 25% of the fish exposed to LV died (LD 25 ) and the doses 283 at which 75% of the fish exposed to HV died (LD 75 ). Differences in the kinetics of such that as more virions are added they each have an easier time infecting the host.
303
The models were fit to the data using the function "nls" in R version 3. The first ID experiment tested a broad range of challenge doses from 10 1 to 317 2x10 5 PFU/ml. The results indicated that HV and LV functioned similarly with respect to 318 the percent of fish infected at each dose ( Figure 1A) , such that for both genotypes no 319 fish were infected at the lowest dose and there was 100% infection at the highest dose.
320
At the 10 3 and 10 4 PFU/ml doses, although LV had a lower frequency of infection than 321 HV, the differences corresponded to only one fish and were not significant (p > 0.05).
322
In the second experiment we tested additional doses in the 10 3 to 10 4 PFU/ml range 323 ( Figure 1B) . HV infectivity was reproducible for the two doses tested in both 324 experiments, 10 3 and 10 4 PFU/ml. The additional doses in between 10 3 and 10 4 PFU/ml 325 resulted in a regular increase in percent infection with HV. For LV, however, the percent 326 of fish infected in the second experiment was lower overall than in the first experiment, and there was no dose response between 5x10 3 and 10 4 PFU/ml. In the third
Viral load data from infectivity experiments
Overall, the viral load data for all virus-positive fish from all the ID experiments 360 were similar across dose and genotype (Figure 3 ). While the viral loads of individual fish 361 did vary, there were almost no significant differences between the means of the log-362 transformed viral loads, either between doses or between genotypes (p > 0.05). The 363 one exception was in the first experiment, where the combined mean viral load for both 364 HV and LV at 10 4 PFU/ml was significantly lower than the combined mean viral load at 365 2x10 5 PFU/ml (F 2,34 = 1.87, p = 0.0108). The final mortality for LD-isolation ranged between 42-60% for HV and 20-26% 371 for LV ( Figure 4A ). For HV, mortality in the 10 5 PFU/ml dose was higher than the 10 3 372 and 10 4 PFU/ml doses, which were similar in final mortality. However, the kinetics for all 373 three doses of HV showed a clear dose response; the highest dose had the most rapid 374 mortality initially, and the lowest dose initially had the slowest mortality. For LV, there 375 was no strong dose response in either kinetics or final mortality. Although mortality in 376 the mock treatment group was 15%, all three fish that died were negative for IHNV via 377 plaque assay. The level of mortality in the mock treatment groups indicated that there 378 might have been elevated non-specific mortality in the virus-exposed fish as well.
379
However, all mortalities titered from the virus-exposed groups (approximately 50% of 380 all fish that died) were positive via plaque assay, with average log-transformed titers of 381 6.61 ± 0.40 standard error PFU/ml for HV and 6.50 ± 0.27 standard error PFU/ml for 382 LV. These virus titers are in the range commonly seen in fish that die after IHNV 383 exposure (Breyta et al., 2014) , indicating that they died as a result of viral infection.
Determination of lethal dose in batch
Mortality curves for LD-batch were generated from the daily average cumulative prevalence of infection (Troyer et al., 2008) . This was further supported by the viral 477 load data in the present study. Here, there were no differences observed in the viral 478 load of infected fish between genotypes HV and LV. However, a previous study found 479 within-host viral loads for genotype HV were consistently higher than for LV, and a 480 larger proportion of fish were infected at the 10 4 PFU/ml challenge dose (Wargo et al., 481 2010; Wargo & Kurath 2011). The primary difference between these studies was that in 482 the previous work, fish were exposed to virus for 12 hours, whereas they were exposed 483 for 1 hour, and viral load was quantified 12 hours earlier, in the current study. It may 484 be that the longer immersion challenge allows for infection by more virions, resulting in 485 faster viral replication kinetics that result in different viral loads, but further research is 486 needed to discern the effects of exposure time on infection and viral load.
487
In order to link infectivity and mortality data, we conducted LD experiments in 488 conjunction with the third ID experiment. The results indicated that the processes of 489 infection and virulence respond differently to variation in exposure dose. In almost all 490 cases percent infection increased with increasing dose at a different rate than percent 491 mortality, and infection prevalence was higher than mortality ( Figure 7 ). Furthermore, 492 large increases in percent infection as dose increased were associated with relatively 493 small increases in percent mortality. The exception to this was for the increase from the 494 10 4 PFU/ml to the 10 5 PFU/ml dose of HV, where no increase in percent infection was 495 possible due to infection being at 100% at both doses, but there was an increase in 496 mortality by 15%. This implies that the exposure dose can influence mortality even 497 when all fish are infected. The calculated LD 50 values also supported the conclusions 498 that infection does not guarantee death in that ID 50 values were lower than the LD 50 499 values in nearly all cases (Figure 8 ). This indicates it takes more virions to kill than to 500 infect the same number of fish and that while infectivity plays a role in determining 501 virulence, it is likely not the only factor.
502
It was interesting that despite the significant differences in virulence between HV 503 and LV by survival analyses, the calculated LD 50 estimates did not differ significantly for 504 either lethal dose experiment. This was largely because mortality did not bracket 50% 505 for either genotype and thus uncertainly around the calculated LD50 values was large.
This implies that significant differences between LD 50 values may be difficult to obtain 507 for virus genotypes that cause widely different levels of mortality. Thus, while this study 508 is consistent with previous publications that virulence is correlated with previously 509 demonstrated differences in fitness for IHNV (Peñaranda et. al., 2009; Wargo et. al., 510 2010; Wargo & Kurath, 2011) , these results stress the importance of considering 511 survival kinetics when quantifying virulence.
512
The combination of batch versus isolation virulence experiments made it possible 513 to examine how holding conditions impact mortality. The difference between percent 514 mortality in the two holding conditions was consistently 12-22% higher in batch across 515 the challenge doses for both genotypes. This might be due in part to the fact that in 516 batch, infected fish are shedding virus into the water, which could be responsible for 517 multiple rounds of infection. The fact that the 10 3 PFU/ml dose of LV had a higher rate 518 of mortality than infection supports this theory ( Figure 6 ). However, the fact that the 519 10 4 and 10 5 PFU/ml doses of HV both had 100% infection, yet there was still an 520 increase in mortality, suggests that other factors might also be involved. Furthermore, 521 one would expect the increase in mortality due to multiple rounds of infections to be 522 greatest when the fewest number of fish were initially infected, for example at the 10 3 523 PFU/ml dose, because a large number of fish are remaining for potential infection.
524
However the increase in mortality between batch and isolation was surprisingly isolation treatments imposed different stressors on the fish, which could have affected 533 mortality rates differently. High fish density in hatcheries increases probability of 534 contact between infected fish and has been linked to increased stress and lower water 535 quality (Bootland & Leong, 2011). However, rainbow trout are also social animals and moving individual fish to isolation may be a stressor (Øverli et al., 2002; Øverli et al., 537 2005) . Determining the role of stress, holding conditions, and multiple rounds of 538 transmission in driving IHNV induced fish mortality warrants further study.
539
In this study we have illuminated a previously unexplored relationship between 540 infectivity and virulence in an aquatic virus. We have shown that while infectivity does 541 indeed correlate with virulence, it does not appear to be the only driving factor. To our 542 knowledge, such detailed work comparing infectivity and lethality has not been done LD-isolation and LD-batch experiments. LV is on the left, in gray, and HV is on the right in black. The batch mortality values represent the mean of triplicate tanks (+/-1 standard error). Figure 7 : Comparisons between ID 50 and LD 50 values for each strain. On the left in gray is LV, and on the right in black is HV. The ID 50 values shown are calculated from the third experiment, which was done on the same lot of fish as the LD 50 experiments. The error bars indicate the 95% confidence interval. Figure 8 : Test of Independent Action Hypothesis. Data points show relationship between challenge dose (x-axis) and proportion of fish infected (y-axis), for genotypes HV (black circles) and LV (grey squares). Thick solid line is the independent action model ( = 1 − − * ) fit to the data for HV (black) and LV (grey). Thin dotted line is the interaction model fit ( = 1 − − * ) to the data for HV (black) and LV (grey). Where f = proportion of fish infected from raw data, 1= the maximum proportion of fish that can become infected, b=infection rate determined from model fit, d=challenge dose, and k = interaction term determined from model fit. k = 1 indicates independent action, k<1 indicates antagonistic interaction, and k>1 indicates synergistic interaction. For the independent action model b = 2.55 x10 -4 ± 0.55 x 10 -4 and 8.00 x 10 -5 ± 1.57 x 10 -5 proportion fish infected/PFU virus, for HV and LV respectively (value ± 1 standard error). For the interaction model b = 7.61 x10 -4 ± 15.20 x 10 -4 and 7.71 x 10 -6 ± 35.47 x 10 -5 proportion fish infected/PFU virus; and k = 0.868 ± 0.240 and 1.26 ± 0.51, for HV and LV respectively (value ± 1 standard error). As such, k overlapped with 1 for both HV and LV, supporting independent action model. There was no significant difference in model fit between independent action and interaction models by anova (HV: F 1,17 =0.28, p=0.6; LV: F 1,17 =0.26, p=0.6), so null hypothesis of independent action could not be rejected. Data was fit to models using "nls" function in the R programming language.
